We compared growth rates and adult morphological traits in two sympatric cormorant species, the pygmy cormorant (Phalacrocorax pygmeus) and the great cormorant (P. carbo sinensis), in Israel. The smaller P. pygmeus exhibited higher developmental rates than P. carbo sinensis, as expressed in the growth rate constant (K) of body mass and of various body parts (bill, wing, tarsus, primaries, and tibia lengths). The consequences of the higher developmental rate of P. pygmeus are early fledging and a relatively low body mass of fledglings. We suggest that several proximate ecological and developmental factors such as risk of nest predation, body temperature regulation, and hydrodynamics act in concert to promote rapid development in chicks of P. pygmeus. However, the four-fold lower body mass of the adult P. pygmeus is probably the most important physiological constraint that might explain its rapid growth rate in comparison with P. carbo sinensis. The body mass and the size of various body parts of adult P. carbo sinensis are much higher than those of adult P. pygmeus. This difference in adult morphological attributes, together with the marked differences in growth rates between the two species, should be reflected in different ecological functions that promote ecological segregation between them. Therefore, the conservation policies and future practical solutions of the cormorant-fisheries conflict should be speciesspecific.
INTRODUCTION
The pygmy cormorant (Phalacrocorax pygmeus) and the great cormorant (P. carbo sinensis) are sympatric in certain southeastern regions of the western Palearctic (Johnsgard, 1993) . In Israel, P. pygmeus is an all-year resident, whereas P. carbo sinensis is a wintering species (Johnsgard, 1993; Shy and Frankenberg, 1995; Koshelev et al., 1997) . Both species became almost extinct in Israel during the 1950s due to drainage of the Hula swamps and to massive hunting (Shy and Frankenberg, 1995) . P. pygmeus is currently considered an endangered species (Crivelli et al., 2000) . The number of its nests in Israel has increased, however, from 60 in 1998 to between 110 and 155 in 2001 (Nemtzov, 2001 ). Its few breeding colonies in Israel are located mainly along the Jordan Valley. Recently established new colonies have expanded this species' breeding zone into northern Israel. The number of P. carbo sinensis wintering in Israel has increased from ~5000 in 1990 up to 16,000-20,000 in recent years (Shy and Geva, 1998) , concurrent with its dramatic increase in number in Europe over the last decade (Koshelev et al., 1997) .
Foraging sites of the two species in Israel largely overlap as they both feed in Lake Kinneret (Sea of Galilee) and in the same artificial fishponds. Fishermen in Israel claim that their fish yields from artificial ponds are being severely damaged by these two species, and they therefore use a variety of techniques to deter both cormorants and pelicans (Izhaki, 1994; Shy and Geva, 1998) . The conflict between cormorants and fishermen is escalating, and finding practical solutions to prevent further harm to these species in Israel largely depends upon our better understanding their ecology. The aim of this study was to evaluate the possible ecological overlap between the two cormorant species based on body growth patterns and morphological traits.
Because the rates of development of the young of many bird species are relatively constant, it has been suggested that they are determined mainly by hereditary factors (Lack, 1968) . Different patterns of body growth among bird species are mainly attributed to differing developmental strategies along the altricial-precocial spectrum (Starck and Ricklefs, 1998a) . It was argued that avian body development represents a compromise between environmental selective factors and internal constraints, and thus has implications on fitness (Lack, 1968 ; but also see Ricklefs et al., 1998) . A rapid body growth was predicted where chicks are under severe risk of mortality or when they intensively compete with each other, while a slow growth was predicted where food supply is limited (Lack, 1968) . We assume that differences in the patterns of body growth of two congeneric species should represent, at least partially, ecological differences between them, although recent comprehensive analyses have revealed the complexity of the relationships between growth patterns and fitness (Ricklefs et al., 1998; Royle et al., 1999) . Furthermore, we assume that differences in growth patterns among body parts (e.g., tarsus, bill, wing, etc.) represent ecological adaptations. Resource allocation to different body parts during growth depends on functional priorities, which may differ among species. Here we compared the body growth rates of the two cormorant species in captivity under similar environmental conditions, thus eliminating ecological factors that may affect the growth pattern of a species, such as food availability and predation risks, (Kirkham and Montevecchi, 1982; Starck and Ricklefs, 1998a,b,c) . We interpreted differences in growth patterns between species as differences in their adaptations and ecological function.
The species' common ancestry should result in morphological similarities (Starck and Ricklefs, 1998b) . Morphological traits may represent aspects of the relationships between the birds and their specific environment and therefore reflect their ecology (Leisler and Winkler, 1985) . Many studies have demonstrated correlations between morphological traits and habitat use, diet breadth, foraging behavior, and locomotory performance (Ricklefs and Miles, 1994) . Hence, we may understand the ecological functioning of a species and of individuals within the species (e.g., different sexes) in a specific habitat by analyzing their morphological traits (e.g., Leisler and Winkler, 1985; Ricklefs and Miles, 1994) . Here we compared the adult morphological traits (body mass, length of wing, bill, tarsus, tibia, and primaries) of the two cormorant species and of males and females as an indication of their ecological similarity. High ecological similarity may limit their ecological and geographical distribution and their coexistence (Ricklefs and Miles, 1994) .
Specifically, the aims of the present study were: (a) To evaluate the interspecific differences in terms of growth patterns, including growth rate constants and the age at the inflection point of the growth curves of body mass and of various body parts; (b) To evaluate the interspecific and intersexual differences of adults in morphological traits (bill, wing, tarsus, primaries, and tibia lengths and body mass); (c) To correlate morphological traits within each species and to compare these correlations between species; (d) To determine the morphological traits that best discriminate between the two species and between sexes within each species; and (e) Based on the integration of the above, to assess the ecological similarity between these two species.
METHODS

CAPTIVITY CONDITIONS
Chicks of P. pygmeus were collected, under license from the Israel Authority for Nature Conservation, from breeding colonies in the Jordan and Bet She'an valleys. In addition, we used P. pygmeus from successful breeding in our own aviaries. P. carbo sinensis eggs and chicks of unknown age were obtained from the Jerusalem Biblical Zoo and from the Safari Park in Ramat Gan, Israel. The eggs and nestlings were placed in an incubator for up to one week and subsequently transferred to padded boxes inside the outdoor cages, which were heated at night. The nestlings of each species were then transferred to separate outdoor enclosures (12 × 5 m) at Kefar Yehoshua that included water pools. The cormorants were hand-fed twice a day on small fish (Tilapia sp., Carp sp., and cultured species such as comet, koi, and shibunkin). In total, we kept 20 P. pygmeus and 17 P. carbo sinensis during the three years of study.
MORPHOLOGICAL TRAITS
During the first 7 days following hatching or collection of nestlings we measured body mass (digital scales; Acculab 5001; ± 1 g), bill length (upper bill), wing length (carpometacarpus), tarsal length (tarsometatarsus), tibia length (tibiotarsus), and primaries length, daily (ruler; ± 1 mm). We subsequently measured the birds every 2-3 days for the first 2 months and once a week thereafter up to the age of 5-6 months. Body mass was followed up to 2-3 years of age. Asymptotic values of the morphometric traits and of body mass were determined at the age of 35-60 days in P. pygmeus and at the age of 50-70 days in P. carbo sinensis, following which no further change in these traits was observed during a period of at least 30 days. Sex was determined based on the breeding behavior of the birds upon reaching sexual maturity.
AGE STANDARDIZATION
For age standardization of nestlings that were collected from nests at various unknown precise ages, we calculated regression equations of wing and tarsus length for each species as a function of age, based on individuals that had been measured since hatching. We chose (a) wing length as the best parameter for age prediction in altricial nestlings due to its slow growth (Kirkham and Montevecchi, 1982) and (b) tarsus length as it demonstrated the most uniform growth rate. Both these traits were shown to be the best predictors of age in the semi-precocial herring gull (Larus argentatus) because their growth curves are relatively linear (Dunn and Brisbin, 1980) . Our equations were based on eight P. pygmeus and five P. carbo sinensis nestlings and calculated for the first growth period, where the growth curve was linear. The R 2 values for all four equations (2 species × 2 traits) were >0.92 (Table 1) . We subsequently estimated the age of the unknown-aged nestlings of each species by averaging the values obtained from these two equations (Table 1) .
GROWTH RATES
The logistic growth rate constant (K) and the age (days) of the inflection point of the growth curve (t i ) for body mass and each of the morphometric traits were determined according to the widely-used nonlinear logistic equation for birds (Starck and Ricklefs, 1998c) . The equation, Y = A / (1 + e (-K * (t -ti)) ) [Y is the measured growth trait (body mass, bill length, etc.), A is the asymptotic size, K is the rate constant of the equation, and t is the age of the nestling in days] was found to be especially accurate for cormorants (Dunn, 1975; Goutner et al., 1997; Ostnes et al., 2001) . Our relatively small sample size did not allow us to calculate a separate growth curve for each sex. Therefore, the growth curves were calculated for pooled data of all individuals.
To determine the nestlings' age at which asymptotic sizes were reached, we followed Pinshow et al. (1976) and calculated, for each morphological trait, the convergence point of the two best-fitted linear lines: the upward increase of the first part of the growth Table 1 Wing length (WL) and tarsus length (TL) as a function of nestling age (AGE) within the linear growth range of both cormorant species (sexes pooled). Calculations were based on nestlings of known age that had hatched in captivity curve (for all parameters and body mass R 2 > 0.92) and the minimal incline (for all parameters and body mass R 2 < 0.07) of the second part of the growth curve.
STATISTICAL ANALYSIS
We used Student's t-test to compare morphological traits between adults of the two sexes in each species. Pearson coefficient (r) was used to correlate morphological parameters with each other for each species. Because we conducted 15 pairwise correlations we kept the overall experiment error rate to 5% using the Bonfferoni adjustment by evaluating each of our pairwise correlations against p < 0.003 (0.05/15). A discriminant analysis was used to determine the most parsimonious morphometric variables to distinguish between the two species, and then between sexes within species. Wilks' lambda was used to indicate a linear discriminant function (equation predictive) providing the best separation between groups. We also calculated the percentage of correct classifications yielded from the equation. Statistical analyses were performed using SYSTAT (SYSTAT, 1998) . Data are presented as means ± s.e.
RESULTS
GROWTH PATTERNS: COMPARISON BETWEEN SPECIES
The different morphological traits of both species had different growth periods (Table 2) . P. pygmeus reached its tarsal asymptotic level (thus completing its growth) Table 2 Calculated growth values from the logistic equation (± s.e.) of the morphometric variables of the pygmy cormorant P. pygmeus (n = 18) and the great cormorant P. carbo sinensis (n = 11) (sexes pooled). A, asymptotic value; T (A) , asymptotic age (days); K, growth rate constant (day Fig. 1 . Logistic growth curves of body mass, tarsus length, and tibia length in relation to age (days) in the P. pygmeus (n = 18) and in the P. carbo sinensis (n = 11). Fig. 2 . Logistic growth curves of bill length, wing length, and primaries length in relation to age (days) in the P. pygmeus (n = 18) and in the P. carbo sinensis (n = 11).
after 16.9 days but reached its asymptotic level of primaries growth after 48.7 days, with all other traits being in-between (Table 2) . P. carbo sinensis completed the growth of all body parts much later (27-58 days, Table 2 ). The growth rate coefficient (K) of the tarsus was the highest of all the measured parameters in both species (sexes pooled; Fig. 1 and Table 2 ). Following in order were the growth rate constants of tibia length, body mass, primaries length, bill length, and finally wing length ( Fig. 2 and Table 2 ). Growth rate coefficients of all morphological traits were 17-62% higher in P. pygmeus than those in P. carbo sinensis ( Table 2 ). The asymptotic body mass of P. pygmeus (484.9 g) was 38 times its body mass at hatching (12.9 ± 0.7 g, n = 6), while the asymptotic body mass of P. carbo sinensis (2124.3 g) was 55 times its body mass at hatching (39.0 ± 1.7 g, n = 6). But since P. pygmeus reached its asymptotic body mass after 25.2 days, while P. carbo sinensis reached it after 42.7 days, the growth rate coefficient was higher in P. pygmeus than in P. carbo sinensis (K = 0.231 and K = 0.163, respectively).
MORPHOMETRY: COMPARISON BETWEEN SPECIES AND SEXES
Values obtained for all morphological traits of adults were lower in P. pygmeus than in P. carbo sinensis. However, while the asymptotic body mass of P. carbo sinensis was 4.4 times higher than that of P. pygmeus the ratio of the other traits was much lower: 2.3 for bill length, 1.7-1.8 for tarsus, tibia, and wing length, and 1.5 for primaries (Table 2 , sexes pooled). Thus, P. pygmeus is characterized by larger extremities relative to its body mass. A discriminant analysis of the morphological traits between the two species revealed that tarsus length was the perfect indicator of species classification with overall 100% correct classification (Wilks' lambda = 0.014, n = 37, p < 0.001).
Only one significant correlation (between tibia and primaries length) was found among asymptotic morphological traits in P. pygmeus, whereas in P. carbo sinensis, all correlations were significant (Table 3) . Thus, in P. carbo sinensis the ratio between the sizes of different body parts was consistent among individuals, while this was not the case in P. pygmeus. P. pygmeus males were 10% heavier than the females and their wings were only 3% larger, whereas all other morphometric traits were similar in size in both sexes (Table 4) . According to the discrimination analysis, the best predictor of sex in P. pygmeus was the body mass with 100% correct classification (Wilks' lambda = 0.674, n = 20, p < 0.05). The males of P. carbo sinensis were 34% heavier than the females and their wing was 8% larger. Male's bill, tarsus, tibia, and primaries were 13%, 6%, 10%, and 15% larger, respectively (Table 4) . Body mass and primaries length were the best predictors of sex in P. carbo sinensis, with an overall 100% correct classification (Wilks' lambda = 0.072, n = 15, p < 0.001).
DISCUSSION
DEVELOPMENTAL RATES OF THE TWO CORMORANT SPECIES
The growth rate constants (K) of P. pygmeus and P. carbo sinensis found in this study were, respectively, 70% and 92% higher than expected from the allometric equation of Table 3 Pearson correlation coefficients (r) between morphological traits of pygmy cormorants (P. K as a function of asymptotic mass (A, in grams), Log K = -0.316 log A -0.017 (Starck and Ricklefs, 1998b) , in accordance with previous findings in other cormorant species (Dunn, 1975; Ostnes et al., 2001) . Moreover, the growth rate of body mass in P. pygmeus (K = 0.231 day -1
) was higher than that of P. carbo sinensis (K = 0.163 day -1 ) and other larger cormorant species (Dunn, 1975; Ostnes et al., 2001) . Likewise, the developmental rates of all body parts were much higher in P. pygmeus than in P. carbo sinensis. Tarsus length in both species increased faster than all other morphological traits, and much faster in P. pygmeus (K tarsus = 0.268 day -1 ) than in P. carbo sinensis 
Primaries 128.6 ± 1.4 123.5 ± 3.0 1.34 ns 208.3 ± 2.4 180.8 ± 3.8 6.21*** length (mm) Range (n) 120-130 105-130 195-220 165-190 (7) (10) (9) (6) * = p < 0.05. ** = 0.05 > p > 0.01. *** = p < 0.001. ns = not significant. Sample size is indicated in parentheses.
(K tarsus = 0.176 day -1 ). A faster tarsus growth and a slower wing growth relative to other organs were also found in other altricial birds (Kirkham and Montevecchi, 1982; Ostnes et al., 2001) . O'Connor (1984) suggested that resource allocation to different body parts is timed in relation to their functional importance (see below).
The high developmental rates of P. pygmeus are the result of (a) a lower asymptotic body mass of its chicks at fledging relative to the adult body mass: the asymptotic body mass of fledgling P. pygmeus was 13% lower than that of the adults (485 g vs. 555 g) compared with 8% in P. carbo sinensis (2124 g vs. 2310 g), and (b) early fledging of the chicks: assuming that fledging time of cormorants is twice that of the inflection point (t i ) of the growth curve (Platteeuw et al., 1995) , we can estimate the fledging time in the present study as 27 days in P. pygmeus and 49 days in P. carbo sinensis.
Several, non-exclusive, proximate ecological and developmental factors have been offered to explain interspecific differences in developmental rates. We next examined the possibility that some of these factors are responsible for the higher developmental rate of P. pygmeus relative to P. carbo sinensis.
Sibling competition. Lack (1968) suggested that because parental ability to supply food to the chicks is limited, they should either raise only a few nestlings that will develop fast or raise many nestlings that will develop slowly. Although the clutch size (4-6) of the P. pygmeus (Johnsgard, 1993) is larger than that of P. carbo sinensis (between 2.6 in Poland and 3.83 in Italy: Pajkert and Górski, 1996; Volponi, 1999) , the former develop much faster. Thus, our present findings are in accord with the positive correlation between clutch size and growth rate that was found among 40 bird species (Royle et al., 1999) . It was also suggested that strong intra-brood competition for resources exerts a major selection pressure for the evolution of rapid growth rates in birds (Werschkul and Jackson, 1979) . However, to date, there is no direct evidence that sibling competition is more intensive in P. pygmeus than in P. carbo sinensis.
Nest predation. Differential nest predation among bird species may also explain differential growth rates because selection should favor rapid growth rates to minimize the period that eggs and nestling are exposed to predators (Lack, 1968; Bosque and Bosque, 1995) . The rate of nest predation in altricial birds decreases with increasing adult body size because small prey species may be taken by a wider variety of predators than larger species (Bosque and Bosque, 1995) . Furthermore, clutch size is positively correlated with nest predation (Lack, 1968) . We therefore expect nestlings of P. pygmeus to be more vulnerable to predation than those of P. carbo sinensis. Hence, the rapid development of overall body size and legs of P. pygmeus could be a consequence of strong selection to reduce the time in which the nestlings are exposed to predators. Although eggs and chick predation has already been documented in both species (Johnsgard, 1993; Volponi, 1999) , no study has yet identified heavier nest predation in P. pygmeus than in P. carbo sinensis.
Body temperature regulation. The newly-hatched, heterothermic, altricial nestlings of the cormorants are typically naked, with limited physical and sensory capacities. Therefore, they are completely dependant on their parents for maintenance of body temperature (Kirkham and Montevecchi, 1982; Starck and Ricklefs, 1998a,c) . It is expected that smaller species will be under stronger selection to reduce the period of exposure in the nest because their nestlings are more vulnerable to mortality caused by adverse weather (Bosque and Bosque, 1995) . Rapid body development may, therefore, promote an early acquisition of homeostatic capabilities (Björklund, 1996) . Thus, welldeveloped legs enable the chicks to push their body upwards in the nest and perform gular fluttering for effective dissipation of body heat when exposed to high ambient temperatures (Kirkham and Montevecchi, 1982) , and increased shivering heat production of the accompanying musculature in the cold (Montevecchi and Vaughan, 1989) . We suggest that the rapid development of overall body size and legs is especially critical for P. pygmeus, which breeds in warmer climates, rather than for the larger P. carbo sinensis.
Body size. It was suggested that there is a trade-off between growth rate and asymptotic body size (Charnov, 1993) . Indeed, body mass in birds is negatively correlated with growth rate, probably because the ability of a nestling to sustain a given growth rate depends on adult body mass (O'Connor, 1984) . Hence, the fourfold higher body mass of P. carbo sinensis is probably the most important physiological constraint that might explain its lower growth rate in comparison with P. pygmeus. Furthermore, several of the other factors that may affect growth rate are related to body size, such as nest predation and environmental stress.
Hydrodynamics. Cormorants are feet-propelled during underwater swimming. As the forces driving swimming are proportional to the foot area, and as the cost of transport increases with decreasing body mass (Schmidt-Nielsen, 1972) , the larger feet (relative to body mass) of P. pygmeus may contribute to its hydrodynamic performance. This may also explain the lower correlation coefficient of the relations between feet morphometry and body size that we demonstrated in P. pygmeus, compared to P. carbo sinensis.
Other factors. Other factors that have been suggested as affecting developmental rates in birds probably do not apply here. Among them are the altricial-precocial continuum (Starck and Ricklefs, 1998a) , as both species are altricial; different mating systems (Royle et al., 1999) , as both species are probably monogamous (Johnsgard, 1993) ; different parental care among sexes (but see Royle et al., 1999) , as both parents in both species provide for the young (Johnsgard, 1993) ; and different nutritional quality of the food provided to the nestlings, as both species feed their young mainly on fish (Johnsgard, 1993) .
ADULT ECO-MORPHOLOGY OF THE TWO CORMORANT SPECIES
Morphological traits and sexual size dimorphism. Sexual size dimorphism is known in cormorants (Cooper, 1985; Koffijberg and Van Eerden, 1995; Kato et al., 1999 Kato et al., , 2000 . The results of our study indicate that sexual size dimorphism is far greater in P. carbo sinensis than in P. pygmeus. A common viewpoint is that sexual dimorphism facilitates the separation of feeding niches between sexes, thus reducing intraspecific food competition. In cormorants, large males can dive deeper than females (Kato et al., 1998 (Kato et al., , 1999 (Kato et al., , 2000 , maintain longer dive durations (Kato et al., 1998 (Kato et al., , 1999 , and feed on larger fish (Koffijberg and Van Eerden, 1995) . From our results on morphological traits between males and females, we predict that the above intersexual differences fit P. carbo sinensis to a much greater extent than they do P. pygmeus. It was argued that differences between social mating systems and differences between sexes in parental care are related to the size dimorphism differences between species (Owens and Hartley, 1998) . However, this is not the case here, as both species are monogamous and both parents similarly provide parental care (Johnsgard, 1993) .
Comparison between species. Based on the large differences in morphological attributes between the two species, we predict a low niche overlap between them. Indeed, P. pygmeus feed frequently on invertebrates (J.B. Kiss, personal communication) and on fish much smaller than those taken by P. carbo sinensis (Johnsgard, 1993; Crivelli et al., 2000) , so that only a small proportion of interspecific diet overlap occurs. Furthermore, it seems that their feeding sites only partially overlap, as the P. carbo sinensis prefers brackish and salty waters while P. pygmeus prefers non-brackish water (Crivelli et al., 2000) . In cases where brackish water is unavailable, as in Lake Kinneret, P. pygmeus prefers to feed in shallow water while P. carbo sinensis feeds in the deep water.
CONCLUSIONS
The different developmental rates and adult morphological traits of the two cormorant species reflect their distinct ecological functioning and the possibility that they will coexist (see also Crivelli et al., 2000) . Therefore, any future solution of the conflict between the cormorants and the fisheries should consider the different ecological needs of the two species. Moreover, any such solution will have to consider a possible collapse of the ecological system due to human activities, which might interfere with the current ecological segregation of the two species.
